. Centrosome Behavior in Proliferative Divisions Centrosomes (yellow) typically migrate to diametrically opposite poles of the nucleus (a-b; d-e) prior to cell division, thereby producing a successively orthogonal sequence of cleavage planes. This pattern is characteristic of many proliferative cell divisions and is optimal for producing a compact group of cells. Microtubules are in green; nuclei and chromosomes are in blue. The sperm-supplied centrosome (yellow) duplicates (a), and the daughter centrosomes nucleate microtubules (green). The female pronucleus migrates toward the male pronucleus (b). Concurrently, there is active cytoplasmic streaming, a transient pseudocleavage furrow forms, and P granules (red) become segregated to the poste- Figure 2 . The Early Cell Lineage of the C. elegans Embryo rior pole of the cell. After the pseudocleavage furrow regresses, the two apposed pronuclei rotate and migrate (c). This is thought to be P0, P1, P2, P3, and EMS all divide in the same orientation; the achieved by the capture and shortening of some microtubules from cleavage planes are depicted by vertically oriented equatorial lines.
one or the other aster by a putative cortical attachment site (violet). All the P cells segregate P granules to one side (colored in red) of the After rotation, an initially symmetric MA forms (d). This becomes mother cell prior to division and generate developmentally distinct asymmetric as the posterior centrosome migrates to the posterior daughters. Note the 180Њ shift in polarity between P1 and P2. EMS of the cell with a series of rocking movements (e). An asymmetric becomes polarized by interaction with P2. This interaction (green cleavage furrow forms, and the posterior centrosome assumes a zigzag) probably causes the segregation of some as yet unidentified characteristic disk shape (f). The centrosome in P1 (cell on right) determinants in EMS and is known to cause rotational alignment of splits, the daughters migrate around the nucleus, and P granules the EMS spindle; as a result, EMS generates developmentally dissegregate to the posterior of P1 (g). The MA in P1 rotates 90Њ by tinct daughters. AB (orange) divides proliferatively with alternating means of the capture and shortening of some microtubules from cleavage plane orientations to produce daughter cells with equivaone aster by a specialized cortical attachment site (violet a prelude to an asymmetric, differentiative cell division. In the germline blastomeres, positioning of the MA and to a region roughly in the middle of the area of contact of P granules are coordinated; P granules become lobetween AB and P1 ( Figure 3h ). In contrast, other astral cated at one pole of the MA, resulting in their partitioning microtubules often have a swept-back appearance, as to one daughter cell. Studies of 1-cell embryos treated if being bent by the act of rotation. A dimple is usually with cytoskeletal inhibitors have shown that partitioning seen where the straight microtubules approach the cell of P granules to the correct region of the cell requires cortex (Hyman, 1989) , indicating that they probably are an intact actin cytoskeleton, but not intact microtubules attached at this point and are under tension. When a (see Goldstein et al., 1993) . Thus, the axis of polarity laser microbeam is used to disrupt the microtubules along which P granules are segregated is not defined extending from the centrosome to the putative cortical by the orientation of the MA. Disruption of the actin attachment site, rotation is temporarily inhibited and in cytoskeleton also inhibits rotational alignment of the MA some cases even switched to the opposite direction (Hyman and White, 1987) . Thus, the actin cytoskeleton (Hyman, 1989) . Laser ablation of other subcortical reis required not only for P granule segregation but also gions does not produce this effect. These experiments for alignment of the MA along the axis of P granule demonstrate that rotational alignment requires some segregation. The axis of polarity is set up independently structure between the centrosome and the adjacent corof the orientation of the MA, and rotational alignment of tex. The presence of the straight microtubules in this the MA serves to position the MA along the axis of region implicates these elements as being essential polarity.
components in the rotation machinery. These observaHow Does Rotational Alignment Occur? tions suggested the current working hypothesis to exExperiments with nocodazole-treated embryos have plain rotational alignment. In this hypothesis, a localized shown that there is an absolute requirement for intact region in the cortex or on the membrane acts to capture microtubules for rotational alignment to occur (Hyman and shorten microtubules, in a manner analogous to and White, 1987). When P1 undergoes rotational alignthe operation of a kinetochore at prometaphase and ment, short, straight microtubules are often seen running from the aster closest to the the adjacent AB cell anaphase. Microtubules from either or both asters may be captured initially, but any slight force imbalance will masses of differentiated cells (Kemphues et al., 1988) . The effects of par mutations on centrosome positioning produce a turning moment on the MA, causing it to rotate. As this occurs, more microtubules from the and MA alignment are gene specific; for example, in par-2 mutant embryos, the MA in P1 fails to undergo centrosome nearest the attachment point are likely to be captured, thus increasing the torque and causing the rotational alignment, and as a result P1 divides transversely (both P1 and AB divide like a normal AB), MA to rotate further. This process will continue until the centrosome from which the captured microtubules whereas in par-3 mutant embryos, the MA in AB undergoes rotational alignment and AB divides longitudinally emanate is adjacent to the cortical capture region (Figure 3i) . Interestingly, very similar models have been pro-(both P1 and AB divide like a normal P1) (Kemphues et al., 1988; Cheng et al., 1995) . Double mutant analysis posed for the process of MA alignment in the alga Pelvetia (Allen and Kropf, 1992) and the budding yeast has revealed that par-3 is epistatic to par-2: in double mutant embryos, both P1 and AB undergo rotational Saccharomyces cerevisiae (Palmer et al., 1992) . What Is the Nature of the Putative Cortical alignment and divide like a normal P1 (Cheng et al., 1995) . Thus, neither gene is required for rotational alignAttachment Site? Transient accumulations of actin and actin-capping proment. Instead, it appears that in wild-type embryos par-3 ϩ prevents rotational alignment in AB. Immunofluorestein (CP) have been observed in the region of the putative attachment site in P1 (Waddle et al., 1994) . The accumucence analysis of the distribution of the PAR proteins is consistent with this. PAR-3, which is a novel protein, lation is first seen in late prophase, as a 4-6 disk roughly in the middle of the area of contact between P1 is located at the anterior periphery of the 1-cell embryo, P0 (Etemad-Moghadam et al., 1995) . After division, it and AB. By prometaphase, the staining is most intense and cone-shaped, with its vertex pointing toward the shows a similar asymmetric distribution in P1, being located only at the anterior periphery, but in AB it is P1 nucleus. The time of appearance of this actin-CP staining structure corresponds to the time at which rotauniformly distributed around the cell periphery. This pattern of asymmetric distribution in unequally dividing P tion of the MA in P1 occurs. Furthermore, similar transient accumulations are seen in the region of contact cells and uniform distribution in somatic blastomeres is seen in later stage embryos as well. between ABa and EMS and between EMS and P2. Both EMS (see below) and P2 undergo rotational alignment.
A model for how PAR-3 activity is confined to AB and prevents rotational alignment has come from studies of In contrast, the daughters of the AB blastomere do not undergo rotational alignment, and no actin-CP com-PAR protein distributions in various par mutant embryos (Etemad-Moghadam et al., 1995) . The normal localizaplexes are seen in the region of contact between these cells. These observations provide circumstantial evition of PAR-3 in the anterior cortex requires the wildtype function of par-2. It is thought that a polarity cue dence that the observed actin-CP complexes could be components of the putative attachment complex.
from the sperm establishes the initially graded distribution of PAR-3, which is then reinforced by PAR-2 excludThe positional cue for formation of the cortical attachment site in P1 and later stage P cells may be the reming PAR-3 from the posterior cortex. PAR-3 is observed to be uniformly distributed around the periphery of blasnants of previous cell divisions. Using a fixation protocol that preserves only very stable actin filaments, it was tomeres that fail to undergo rotational alignment of the MA: wild-type AB and both AB and P1 in par-2, par-5, shown that such division remnants are localized in similar regions to the transient actin-CP complex (Waddle and some par-1 and par-4 embryos. With the exception of EMS (see below), PAR-3 is either absent or asymmetet al., 1994). It was speculated that actin and CP could be assembled into an attachment site on the P cell side rically distributed in blastomeres that undergo rotational alignment: wild-type P1 and both AB and P1 in par-3 of the cell division remnant. Studies of the behavior of isolated germline blastomeres support this view. Isoembryos. Thus, a uniform distribution of PAR-3 is associated with no rotational alignment, and an asymmetric lated P1, P2, and P3 cells undergo centrosome rotation in the absence of contact with other cells, and the patdistribution or absence of PAR-3 is associated with rotational alignment. One hypothesis to explain the inhibitory tern of rotation is not influenced by contact with other cells (Goldstein, 1995a) . It therefore appears that the P effect of PAR-3 on MA rotation is that PAR-3 promotes strong interactions between microtubules and the corcells use internal cues to align their MAs. A remnant of a past cell division would indicate the mother cell's tex and that such interactions, when uniformly distributed, override microtubule interactions with the lopolarity and could well serve as an internal cue for the daughter cell to use in alignment of the MA. A similar calised cortical attachment site described previously (Etemad-Moghadam et al., 1995) . mechanism acts in budding yeast, where the bud scar marks the location of the previous division (Chant, 1996 The maternal-effect gene mes-1 may be required for rotational alignment specifically in P2 and P3. Embryos [this issue of Cell]). The Involvement of the par Genes from mes-1 mutant mothers show normal division and P granule segregation patterns in P0 and P1. However, and mes-1 in Rotational Alignment Maternal-effect mutations in six par (for partitioning derotation of the centrosome-nucleus complex fails to occur in P2, and probably as a result, P granules become fective) genes lead to defects in cytoplasmic partitioning and in the pattern of early divisions. In general, embryos localized to the wrong region of cytoplasm and are distributed to both daughter cells (Strome et al., 1995 ; Hird from par mothers show missegregation or no segregation of P granules and undergo a symmetric first division, et al. , 1996) . Disruption of the actin cytoskeleton in P2 produces the same defects: failure in rotational alignfollowed by synchronous and often misaligned subsequent divisions, ultimately arresting as amorphous ment and mislocalization of P granules (Hird et al., 1996) .
These and other results suggest that in wild-type P2 determinants Numb and Prospero have been seen prior to cell division in Drosophila (Kroblich et al., 1995) , as cells, rotational alignment serves to orient the P granule has Notch1 in mitotic cells in the developing mammalian segregation axis correctly, as well as the MA. This is in cerebral cortex (Chenn and McConnell, 1995) . It will be striking contrast to P0, in which P granules become interesting to see whether functionally similar rotational partitioned independently of the MA and rotational alignalignment mechanisms operate in such systems to enment serves to orient the MA along the P granule segresure the partitioning of these determinants to the approgation axis.
priate daughters. Rotational Alignment of the MA in the EMS Blastomere
